Abstract Despite preclinical evidence supporting anticancer effects of cardiac glycosides, epidemiologic studies consistently show elevated breast cancer risk in digoxin users. We studied this association in the Nurses' Health Study cohort to evaluate influences of screening mammography and lifestyle-related risk factors. We followed 90,202 postmenopausal women from 1994 to 2010. Selfreported breast cancers were confirmed by medical record review. We fit Cox regression models to estimate associations between time-varying digoxin use and breast cancer incidence, overall and by tumor ER status, accounting for mammography screening and established breast cancer risk factors. There were 5,004 digoxin users over 1.05 million person-years of observation, among whom 144 breast cancer cases occurred. Digoxin users were more likely to undergo mammographic screening, to be former users of postmenopausal hormones, and to take other medications than never-users; the groups were similar on reproductive history and alcohol consumption. Current digoxin use of [4-year duration was associated with a 45 % increased rate of breast cancer compared with never use (HR adj = 1.45, 95 % CI 1.13-1.86). The association appeared stronger for ER-positive disease (HR adj = 1.46, 95 % CI 1.10-1.95) than for ER-negative disease (HR adj = 1.12, 95 % CI 0.52-2.37). Associations were robust to restriction on regular mammography use and to adjustment for established breast cancer risk factors, including lifestyle-related exposures. The positive association between digoxin use and breast cancer occurrence was not attenuated when lifestylerelated breast cancer risk factors and screening practices were accounted for. Digoxin, a common cardiac drug worldwide, may promote breast carcinogenesis.
Introduction
Digoxin belongs to the cardiac glycosides (CGs), a family of naturally derived steroid compounds which are used to treat heart failure and atrial fibrillation [1] . Despite the advent of novel medication classes to treat the same indications, CGs remain clinically prevalent worldwide, likely because of their favorable combination of effectiveness and economy. Therefore, any effect of CGs on breast cancer occurrence would have major public health implications.
Early evidence suggested an ameliorative effect of CGs on breast cancer. A 1979 letter reported less aggressive breast tumor phenotypes and a lower risk of metastases among women taking CGs, compared with unexposed women [2] . This cohort of 175 breast cancer survivors was followed for over 20 years, over which time the CGexposed group had an 82 % lower risk of breast cancerspecific mortality than the CG-unexposed group [3] .
The earliest mechanistic hypothesis for these observations was that the steroid core of CGs attenuated estrogen receptor (ER) signaling, akin to the action of tamoxifen [2] . This hypothesis has both refuting and supporting evidence [4, 5] . A host of recent preclinical studies provide evidence for antineoplastic effects of CGs through non-hormonal pathways including signal transduction by the sodium/ potassium ATPase, inhibition of topoisomerase II, regulation of fibroblast growth factor 2 (FGF-2), prevention of NF-jB activation, and inhibition of hypoxia inducible factor-1a (HIF-1a) [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
Several studies have investigated the association between CG use and breast cancer incidence. Friedman [17] and Haux et al. [18] independently reported 20 and 25 % increased risks of breast cancer in CG users, respectively, though these were not described as positive associations due to a lack of statistical significance. A similar association is calculable from data reported by Stenkvist et al. [19] . Most recently, two Danish studies reported precisely measured positive associations between digoxin use and invasive breast cancer occurrence [20, 21] . The first of these reported a 30 % increased breast cancer risk among digoxin users compared with non-users (adjusted odds ratio = 1.30, 95 % CI 1.14-1.48) [20] . The second study showed a positive association that was slightly stronger for ER-positive than for ER-negative breast cancer (ER-positive adjusted hazard ratio [HR] = 1.35, 95 % CI 1.26-1.45; ER-negative adjusted HR = 1.20, 95 % CI 1.03-1.40) [21] . The Danish studies found no evidence of confounding by indication, and were conducted independently using the nation's high-quality medical and prescription registries. Despite the many strengths of these studies and the close agreement of their associations, they were conducted in partially overlapping source populations, neither could address potential confounding by lifestyle-related risk factors, and data on screening mammography were limited.
We sought to strengthen the evidence for an effect of digoxin use on breast cancer incidence by measuring the association in the prospective Nurses' Health Study (NHS) cohort. In addition to prescription drug histories and cancer diagnoses, the NHS collects high-quality longitudinal data on lifestyle, demographic, and reproductive risk factors for breast cancer.
Materials and methods
This study was approved by the Committee on the Use of Human Subjects in Research at Brigham and Women's Hospital.
Source population: Nurses' Health Study
The NHS began in 1976 with the enrollment of 121,700 female U.S. registered nurses between the ages of 30 and 55. Participants returned baseline questionnaires to report medical history and reproductive information. New data are collected biennially to update prior exposures and ascertain new diagnoses, and the response rate at each questionnaire cycle has been approximately 90 %. Use of prescription and over-the-counter medications has been ascertained since the cohort's inception. The 1994 questionnaire was the first to inquire about use of digoxin or another anti-arrhythmic drug, and in 1996 digoxin and other anti-arrhythmic drugs were ascertained separately. The present study followed all NHS participants who in 1994 had returned a questionnaire, were postmenopausal, and were without a history of diagnosed cancer. Women who were premenopausal at baseline entered the study upon becoming postmenopausal.
Definitions of analytic variables
Incident breast cancers were reported on questionnaires and subsequently confirmed by physician review of medical records. Tumor ER status was abstracted from pathology reports, which yields classification accuracy similar to that of centralized testing [22] .
Digoxin use was assessed biennially, with subjects reporting if they took digoxin in the past 2 years. If a participant answered yes, she was considered exposed for the 2-year period covered by the questionnaire, otherwise she was considered unexposed. Using these dichotomous longitudinal variables, we constructed the following exposure categories: (A) ever versus never used digoxin; (B) time-varying exposure categorized as current user, former user, or never used; and (C) time-varying cumulative duration of digoxin exposure, categorized as current user for more than 4 years, current user for 4 years or less, former user, or never used. To address potential confounding by indication, we conducted a sub-analysis using the same digoxin exposure definitions as above, but substituting a reference group of women who did not use digoxin but did use a beta blocker, ACE inhibitor, or calcium channel blocker in the same follow-up cycle.
Numerous breast cancer risk factors were candidate confounders in our analyses. Age at menarche was modeled in categories of \12, 12-13, or C14 years of age. Age at first birth (AFB) and parity were factored into a single variable with the following categories: nulliparous, 1 or 2 children and AFB B 30, 1 or 2 children and AFB [ 30, 3 or 4 children and AFB B 30, 3 or 4 children and AFB [ 30, 5 or more children and AFB B 30, and 5 or more children and AFB [ 30 [23] . Postmenopausal hormone (PMH) use was categorized as missing, never used, formerly used, currently using and for less than 5 years, and currently using and for 5 or more years [24] . Furthermore, we evaluated the type of PMH used (estrogen, estrogen plus progesterone, or other). History of breast cancer in a first-degree female biological relative and personal history of benign breast disease (BBD) were coded dichotomously [25] . Use of aspirin was categorized as \1 day/week, 1-6 days/week, and daily [26] . Regular use of ibuprofen, anti-lipidemic drugs, preventive tamoxifen therapy, and receipt of a screening mammogram in the preceding follow-up cycle were classified dichotomously [27] [28] [29] . Height in inches was modeled continuously. BMI was categorized as underweight (0 B BMI \ 18.5), normal (18.5 B BMI \ 25.0), overweight (25.0 B BMI \ 30), and obese (BMI C 30) [30, 31] . Alcohol intake was defined as the cumulative average daily consumption between 1980 (the first year of alcohol assessment by questionnaire) and the follow-up cycle in question, then summarized in the following categories: 0, 0.1-4.9, 5.0-9.9, 10-19.9, and C20 g/day [32] .
Statistical analysis and meta-analysis
We tabulated summary statistics for key baseline characteristics among all subjects according to ever/never digoxin status over follow-up.
We fit age-and multivariable-adjusted Cox proportional hazard models to estimate the associations between digoxin use and incidence of any invasive, ER-positive, or ERnegative breast cancer. When modeling the ER-positive outcome, women with ER-negative disease were censored on their date of diagnosis, and vice versa. Women were followed from baseline until the first of breast cancer incidence, death from any cause, diagnosis with another malignancy, or loss to follow-up. With the exception of static covariates (e.g., age at menarche), all independent variables were modeled as time-varying covariates. Polytomous variables were modeled with design variables to allow for nonlinear effects across coding levels. Proportionality of hazard functions by digoxin exposure status was evaluated with Wald tests for the interaction between main exposures and the logarithm of time. Age was used as the time axis in our models.
To summarize current evidence for an association between CG use and breast cancer incidence, we conducted a meta-analysis of epidemiologic studies. We searched the PubMed database (www.pubmed.gov) using the following search string: ' .'' From the 67 search results, we identified four papers reporting on the association between current or ever CG use and breast cancer incidence [17, [19] [20] [21] . One additional report was identified from the reference lists of papers identified by the PubMed search [18] , and findings reported herein were included as well. Heterogeneity of associations was assessed by the Q statistic, and estimates were pooled using a random effects model [33, 34] .
Analyses were carried out with SAS v.9.3 (SAS Institute, Cary, NC). Statistical tests were two-sided with a = 5 %. Table 1 reports the distribution of key characteristics according to digoxin status among NHS participants who were postmenopausal in 1994 (n = 74,970). Compared with non-users, digoxin users were older on average (mean age 62.2 and 65.7 years, respectively), were more likely to be former users of PMH, were more likely to be taking diuretics, lipid-lowering drugs, beta blockers, calcium channel blockers, and ACE inhibitors, had a higher prevalence of CHF, AF, and diabetes, and were more likely to undergo mammographic screening. Among PMH users, women in the digoxin-exposed group were more likely to have used unopposed estrogens. Digoxin users and nonusers were similar with respect to height, adiposity, ages at menarche and menopause, and reproductive history.
Results

Baseline cohort characteristics
Digoxin use and breast cancer risk Table 2 reports associations estimated from regression of time to breast cancer diagnosis on longitudinal digoxin exposure and covariates. A total of 90,202 postmenopausal women, of whom 5,004 were exposed to digoxin, contributed *1.05 million person-years of follow-up to the analysis. Models for any invasive disease, ER-positive disease, and ER-negative disease were based on 4,576 cases, 3,317 cases, and 713 cases, respectively. Associations are reported with reference to women who never used digoxin.
Current use of digoxin for more than 4 years was associated with a 45 % increase in the rate of invasive breast cancer incidence (HR adj = 1.45, 95 % CI 1.13-1.86), and a 46 % increase in the rate of ER-positive disease (HR adj = 1.46, 95 % CI 1.10-1.95). The association with ER-negative disease was weaker (HR adj = 1.12, 95 % CI 0.52-2.37), but measured with much lower precision. functions [35] . These curves show that the two estimates are not readily distinguishable, owing to the poor precision with which the ER-negative association was measured. Current use of digoxin for B4 years was less strongly associated with incidence of invasive breast cancer (HR adj = 1.22, 95 % CI 0.97-1.53) and ER-positive breast cancer (HR adj = 1.28, 95 % CI 0.98-1.66). The corresponding association with ER-negative breast cancer was protective but imprecisely measured (HR adj = 0.65, 95 % CI 0.30-1.37).
Former use of digoxin was not associated with a higher rate of invasive, ER-positive, or ER-negative breast cancer (Table 2) . When never use, current use of shorter duration, and current use of longer duration were modeled with a single ordinal variable to assess linear trend, we observed a positive slope in the log-hazard (fully adjusted slope = 0.188, 95 % CI 0.078-0.299; P = 0.0008), indicating a monotonic increase in the breast cancer hazard across these exposure categories.
In all cases, estimates from fully adjusted models were very similar to estimates from age-adjusted models.
When we compared digoxin users with an alternative reference group of women unexposed to digoxin but exposed either to a beta blocker, calcium channel blocker, or ACE inhibitor, we continued to observe positive associations between current digoxin use and breast cancer incidence (Table 3 ). This provides evidence that the observed digoxin/breast cancer associations are not attributable to the medical indications for digoxin and other cardiac drugs, or to some common cause of the indications for digoxin therapy and incident breast cancer. Table 4 summarizes the associations reported by six studies of digoxin use and breast cancer incidence. The studies found risks of breast cancer to be elevated by 21-40 % in digoxin users compared with non-users (P heterogeneity = 0.89). Pooling the results in a random effects meta-analysis showed a 37 % increase in breast cancer risk (95 % CI 31-44 %) among digoxin users, compared with non-users. These results are depicted graphically in Fig. 2 .
Discussion
We observed a positive association between current use of digoxin and the incidence of invasive breast cancer, which strengthened with increasing duration of use. Former users of digoxin did not have an elevated rate of breast cancer incidence compared with never-users. Associations were somewhat stronger for ER-positive disease than for ERnegative disease, which is consistent with the hypothesis that digoxin acts through estrogen signaling pathways to a Adjusted for age (time scale for the regression), height, body mass index, age at menarche, age at menopause, alcohol consumption, age at first birth and parity, use of postmenopausal hormones (and preparation used), family history of breast cancer, personal history of benign breast disease, receipt of screening mammogram in the past 2 years, and use of aspirin, ibuprofen, cholesterol-lowering drugs, and tamoxifen use for breast cancer prevention promote breast tumor growth and survival. However, we had relatively limited numbers of digoxin-exposed ERnegative cases and there was no graphical or statistical evidence of heterogeneity ( Fig. 1 ; P heterogeneity = 0.52).
Other ER-negative associations appeared protective but were based on 5-7 exposed cases, and most likely represent chance findings in sparse data [36] . Our findings agree with two earlier Danish studies of digoxin use and breast cancer incidence. The first of these could not examine heterogeneity by tumor ER status, but nonetheless reported a 30 % increase in the odds of breast cancer occurrence among digoxin users (OR adj = 1.30, 95 % CI 1.14-1.48), with a stronger association observed among the longest duration users (7-18 years of digoxin use: OR adj = 1.39, 95 % CI 1.10-1.74) [20] . The second study included more than 25 million person-years of observation, over which time more than 2,000 breast cancers occurred among digoxin users [21] . That study reported a slightly stronger association with ER-positive than with ER-negative disease (ER-positive: IRR adj = 1.35, 95 % CI 1.26-1.45; ER-negative: IRR adj = 1.20, 95 % CI 1.03-1.40), and a null association among former users, all in agreement with our findings. As noted by the authors of the earlier Danish studies [20, 37] , three earlier studies found similar associations, but these were not emphasized for lack of statistical significance [17] [18] [19] .
Beyond the somewhat stronger association observed with ER-positive breast cancer, other compelling evidence supports an estrogen-mimetic action of digoxin [37] . First, Associations between time-varying digoxin use and incidence of invasive breast cancer, based on comparison of digoxin users with non-users of digoxin who had used other cardiac drugs. Nurses' Health Study, 1994-2010. See ''Statistical analysis and meta-analysis'' section for details and rationale a Adjusted for age (time scale for the regression), height, body mass index, age at menarche, age at menopause, alcohol consumption, age at first birth and parity, use of postmenopausal hormones (and preparation used), family history of breast cancer, personal history of benign breast disease, receipt of screening mammogram in the past 2 years, and use of aspirin, ibuprofen, cholesterol-lowering drugs, and tamoxifen use for breast cancer prevention a Calculated from data reported in Table 1 of the Stenkvist paper [20] , with variance calculated as the sum of the inverse values of the cell frequencies b The Friedman paper did not report a confidence interval or variance for the standardized incidence ratio they reported. We estimated the variance as the inverse of the number of observed cases reported (n = 20) and used this to calculate the confidence limits Fig. 2 Forest plot depicting associations between digoxin use and breast cancer incidence. Random effects meta-analysis of six studies digitalis (a related compound) interacts with human estrogen receptors in vitro [5] . Second, the digoxin/breast cancer associations follow the same pattern as observed with exogenous hormone use: there is an elevated breast cancer risk among current users that wanes upon discontinuation [24, 38, 39] . Third, it has long been known that prolonged CG therapy is associated with gynecomastia in men [40] , which reverses upon discontinuation of therapy [41] . Furthermore, digoxin is associated with higher incidence of male breast cancer [42, 43] , and lower incidence of prostate cancer [44] , both of which are consistent with estrogenic effects on the respective tissues of origin [45, 46] . Perhaps the most compelling evidence comes from another Danish study, which showed a positive association between digoxin use and incidence of uterine cancer (an estrogensensitive malignancy), but null associations with incident cancers of the ovary and cervix (which are not strongly affected by estrogen) [47] .
Lack of an association with ovarian and cervical cancers does not preclude a role of digoxin in the promotion of some breast cancer subtypes through non-estrogenic mechanisms. Current evidence does not rule out a positive association between digoxin use and the incidence of ERnegative disease, which speaks to the potential importance of non-hormonal effects of digoxin. These mechanisms include interference with signaling cascades tied to the sodium-potassium ATPase [6-10, 12, 13, 48, 49] , attenuation of p53 [16] , and inhibition of HIF-1a [15] . However, current literature concerning these mechanisms largely supports an antineoplastic effect of CGs.
The major strength of this study was its ability to account for lifestyle risk factors and screening practices that previous studies could not address. Prior evidence was weakened by potential residual confounding or differential breast cancer classification accuracy by these factors. For example, the positive association between BMI and postmenopausal breast cancer [50] means that a skew toward higher BMI among digoxin users, compared with nonusers, could have explained the positive associations observed in earlier studies. Similar arguments can be made for PMH use, alcohol consumption, ages at menarche and menopause, and reproductive history. Digoxin users may also be more compliant with mammographic screening recommendations, which appeared to be the case in our cohort. This could lead to higher sensitivity of breast cancer classification among exposed women, which could readily account for the positive associations we and others have observed. We found that none of these factors substantially biased associations between digoxin use and breast cancer incidence, which strengthen the overall evidence for causality.
Other key strengths include our use of prospectively ascertained medication history, so that any exposure measurement error is expected to be non-differential between cases and non-cases. Breast cancer diagnoses were confirmed by medical record review, so exposure measurement error should be uncorrelated with errors in outcome classification. Furthermore, we found no evidence of confounding by indication when we compared breast cancer rates in digoxin users to rates in users of other cardiac drugs.
There are limitations to bear in mind when evaluating our results. First, digoxin data were left-truncated, meaning that use of the drug before 1992 was unknown. It is therefore possible that some women classified as neverusers could have been past users who discontinued before 1992. Furthermore, this truncation means that our categories of digoxin exposure duration reflect only the minimum cumulative duration. Another limitation is that a non-trivial proportion of women were missing data on PMH use (8.9 % of digoxin users and 11 % of non-users). Our regression models used a missing indicator to maximize the number of digoxin-exposed breast cancer cases available for analysis. The missing indicator method can lead to substantial bias if the variable in question is strongly related to both the exposure and outcome [51] . However, regression estimates were quite similar when we restricted analyses to women with complete PMH data (data not shown). We are therefore confident that use of the missing indicator method has not left our associations residually confounded by PMH status.
In summary, we observed a positive association between current digoxin use and the incidence of breast cancer, which appeared somewhat stronger for ER-positive disease. Breast cancer risk in former users was similar to that in never-users. Our meta-analysis showed strong consistency among published studies of this association. Future studies should evaluate associations according to digoxin therapy duration with greater precision, and focus on maximizing the number of ER-negative cases studied. Mechanistic studies explaining a positive effect of digoxin on breast carcinogenesis are also sparse, and would strengthen the evidence for a causal association.
